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The hydrocarbon producing rocks of the Upper Jurassic in the northern Gulf of Mexico
are known to contain lithium-rich brines. However, the genesis of the lithium-rich water
is not very well understood. Analysis of hydrogeochemical data indicates that the brines
are enriched in Br, Ca, Li, and Na, and depleted in K, Mg, and SO4. Considering this,
hydrogeochemical, petrographic, and X-ray Powder Diffraction (XRD) data shows that
the brines have been significantly altered relative to the original composition of the water,
by salt dissolution, freshwater mixing, and dolomitization. Based on the results of this
study, the ore-grade lithium brine is being enhanced by the same stratigraphic and
geochemical controls that is depositing dolomite in the Upper Jurassic reservoirs of the
northern Gulf of Mexico.
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INTRODUCTION
1.1

Merit
Lithium is an energy-critical element (American Physical Society, 2011), and is in

great demand, primarily for its use in rechargeable batteries. Lithium is also used in
ceramics, glass, lubricating greases, flux, polymers, and air filters – excluding the United
States, global lithium production in 2016 was approximately 35,000 tons (USGS Mineral
Commodity Summary, 2017). The U.S. production of lithium in 2014, 2015, 2016, and
2017 is withheld, however, production was reported to be 870 tons in 2013 (USGS
Mineral Commodity Summary, 2017). Approximately 90% of the global lithium
reserves (14 Mt) are in areas such as Argentina, Brazil, Bolivia, Chile, China, and
Zimbabwe – the countries are distant from the U.S., are dangerous for business, and have
unstable political situations. Considering this, lithium exploration, production,
transportation, and distribution have significant geopolitical risks. Therefore, the
exploration and production of U.S. lithium resources is an interesting alternative because
these resources are in more stable political and economic environments.
1.2

Lithium Resource: Continental Brines
Lithium is primarily found, in economic concentrations, in arid continental

lacustrine basins in the form of metal-rich brine (Kesler et al., 2012), such as those found
in the Basin and Range province of the American West, the Tibetan Plateau, and the
1

Altiplano of the Andes (Hofstra et al., 2013). Therefore, economic deposits of
continental lithium-rich brine sources, such as those mentioned above are characterized
by: (1) aridity, (2) isolation, (3) subsidence, (4) playas, (5) igneous activity, (6) lithium
bearing rocks and minerals, (7) reservoir rocks, (8) and adequate time to concentrate the
lithium (Bradley et al., 2013).
1.3

Lithium Sources
The source of the lithium in continental brines is thought to be derived from the

weathering of felsic volcanic rocks, primary-magmatic fluids, volcanic ash, windblown
sediment, recycled lithium sediments, lithium-rich groundwater from adjacent basins, and
pegmatites. However, pre-eruptive melt compositions associated with extensional
tectonics, such as the Rio Grande rift, contain some of the highest lithium concentrations
ever recorded (5,200 ppm max, 3,750 ppm mean) and is the most significant source of
lithium in brine (Hofstra et al., 2013). To determine the amount of lithium released from
a volcanic eruption in metric tons, the following mass balance can be applied:

𝐿𝑖 = 𝑉𝑡 𝜌 (𝜔𝐿𝑖𝑀 + 𝜔𝐿𝑖𝐻 )

(1.1)

Where: 𝐿𝑖 = 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑, 𝑚𝑒𝑡𝑟𝑖𝑐 𝑡𝑜𝑛𝑠, 𝑉𝑡 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑢𝑓𝑓, 𝑚3 , 𝜌 =
𝑑𝑒𝑛𝑠𝑖𝑡𝑦,

𝑚𝑒𝑡𝑟𝑖𝑐 𝑡𝑜𝑛𝑠
𝑚3

, 𝜔𝐿𝑖𝐼 = 𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑖𝑛 𝑚𝑒𝑙𝑡, 𝑎𝑛𝑑 𝜔𝐿𝑖𝐻 =

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑖𝑛 ℎ𝑜𝑠𝑡 𝑟𝑜𝑐𝑘 (𝐻𝑜𝑓𝑠𝑡𝑟𝑎, 2013).

Based on equation 1.1, the amount of lithium released during Spor Mountain Tuff
volcanism was 38.4 Mt, and 61.8 Mt for the Bishop Tuff in Utah and California
2

respectively. Lithium is leached from post-eruptive ash deposits by meteoric water and
redeposits the lithium enriched water and clays in a playa.
1.4

Hectorite
Hectorite is the magnesium end member of montmorillonite (Ames et al., 1958)

and is defined from Kerr (1936), as:
𝑁𝑎0.33 (𝑀𝑔2.71𝐿𝑖 0.34𝐴𝑙 0.008) 𝑆𝑖4𝑂10 (𝐹, 𝑂𝐻)

(1.2)

Hectorite is derived from the hydrothermal alteration of detrital sediments that
accumulate in closed continental evaporite basins associated with felsic volcanism. To
distinguish hectorite from montmorillonite, X-ray Powder Diffraction (XRD) can be
used. For example, Figure 1.2 shows the XRD pattern of montmorillonite from Santa
Rita, NM, compared to the XRD pattern of hectorite from Hector, CA. To quantify the
difference between montmorillonite and hectorite consider the reference intensity ratio
(RIR):
𝐼

𝑅𝐼𝑅 = 𝐼

𝑐

(1.3)

Where: 𝐼 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑙𝑎𝑦 𝑚𝑖𝑛𝑒𝑟𝑎𝑙, 𝑎𝑛𝑑 𝐼𝑐 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑟𝑢𝑛𝑑𝑢𝑚

The RIR method of analysis of XRD data was developed by Chung (1974), as an
alternative method for processing multicomponent XRD patterns. Figure 1.2 shows that
the RIR at peak one, three, and eight for montmorillonite is approximately 55.75, 14.33,
and 3.38 respectively. The RIR for hectorite at the same peak locations is 5.95, 3.77, and
0.72. Further, it also appears that there is a slight shift in two-theta for hectorite at
approximately 28 degrees. Having said this, the two patterns are very similar considering
3

the two minerals share the same crystalline structure and belong to the same group of
clays.

1.5

Research Goal and Objectives
In contrast to lithium deposits with an apparent connection to felsic volcanic rock

sources, the lithium data from deep-basinal brines is scarce. Many studies indicate that
such basinal brines have a strong potential to be a source for lithium (Carpenter et al.,
1974; Collins, 1976; Kharaka et al., 1987). Therefore, the primary research goal of this
study is to build a conceptual model of the lithium-rich formation water that exists in the
Jurassic sediments of the Gulf of Mexico basin for use as an analog to other rift basins
worldwide. To accomplish this task, the following objectives were carried out:
1. Identify the concentrating environment of the brine (continental,
supratidal, marine).
2. Determine the timing of events with respect to sedimentation, volcanism,
original formation water, and diagenesis.
3. Work out the stratigraphic controls (salt free, salt dependent) on the
chemistry of the brine.
4. Explore for the presence of hectorite in the syn-rift sediments of the Gulf
of Mexico basin.
5. Explore for the presence of spodumene in basement rock.

4

1.6

Summary
Lithium is an energy-critical element with notable supply risks. To mitigate those

risks, U.S. resources and reserves have been the focus of new exploration and production
efforts. The primary source of lithium, are felsic volcanic rocks that are deposited and
weathered in arid continental evaporite basins. The resulting brine and sediments are
enriched in lithium in the form of groundwater and clays. The lithium-rich brine of the
Gulf of Mexico basin is an important source for lithium as well, however, the brines are
not very well understood. Considering this, the goal of this study is to build a
preliminary deposit model for deep-basinal brines.

5

Figure 1.1

Lithium-rich continental brine model modified from Hofstra et al.,
2013, Hildreth et al., 1979, and Lindsey, 1977.

6

Figure 1.2

X-Ray Powder Diffraction (XRD) pattern of montmorillonite and
hectorite from Santa Rita, NM, and Hector, CA respectively

Montmorillonite and hectorite phases can be distinguished from each other by peak 1,3,
and 8.

7

BACKGROUND
2.1

Lithium Source: Upper Jurassic Sediments of the Gulf of Mexico Basin
The Upper Jurassic sediments of the Gulf of Mexico basin have been reported to

contain economic concentrations of lithium (Carpenter et al., 1974; Collins, 1976;
Kharaka et al., 1987). However, the concentrating environment of the lithium is not very
well understood.
2.2

Geologic Setting
Upper Jurassic rocks are present in the interior salt basins of the northern Gulf of

Mexico which extend from east Texas to Florida and are characterized by evaporites,
terrestrial clastics, and marine carbonates and shales. The salt basins include: the (1) east
Texas basin, (2) north Louisiana salt basin, (3) south Arkansas salt basin, and (4)
Mississippi salt basin. The basins are graben structures formed by crustal thinning,
accompanied by rifting due to the formation of the Gulf of Mexico (Wood and Walper,
1974; Pilger, 1981). Figure 2.1 shows the structural framework of the northern Gulf of
Mexico basin. Subsurface Mesozoic volcanics rim the basin in the form of dykes, sills,
and plutons, however only a few are known from outcrop in south Arkansas. Salt domes
and pillows formed from the flow of Middle-Upper Jurassic salt from sediment loading.
Due to differences in sedimentation and original salt thicknesses, distinct salt provinces
are present in the basin (Salvador, 1991).
8

2.3

Salt Dependent Stratigraphy, Lithostratigraphy, and Facies Types
The generalized stratigraphy of the northern Gulf of Mexico (Triassic-Upper

Jurassic) (Figure 2.2) shows Late Triassic to Lower Jurassic sediments of the Eagle Mills
Formation. However, the absolute timing of rifting and syn-rift sedimentation is not very
well understood in the northern Gulf of Mexico because the Eagle Mills is considered
economic basement, therefore it has been sparsely penetrated. (Raymond, 2010). The
Eagle Mills Formation is characterized by lacustrine red conglomerates, sandstones,
siltstones, and shales, as well as fluvial deposits. The basin was inundated with seawater
and reworked the Eagle Mills Formation during a highstand. The basin was later closed
with respect to the open ocean and began depositing the Lower-Middle Louann
Formation. The Louann is a thick evaporite sequence of rocks, deposited in very large
shallow pools of hypersaline fluid, with no connection to the open ocean, however, short
flooding events may have occurred (Salvador, 1991). Hudec et al., (2013) suggest that
3-4 km of Louann halite precipitated in as little as 1-2 m.y.–the updip limits of the
Louann are primarily comprised of anhydrite. Following (or contemporaneously inplaces) deposition of the Louann, Appalachian erosional processes led to deposition of
the Norphlet Formation, after the prolonged regression. The Norphlet is primarily
comprised of updip fan sediments that grade into wadi/playa lake, dune, interdune, and
sheet sands downdip (Mancini and Puckett, 2004) with reworked clastic sediments and
dolomite sedimentation during transgressive and regressive times. Overlying the
Norphlet Formation is the Smackover Formation. It is primarily comprised of shoalingupward cycles, consisting of wackestone, packstone, grainstone, and sabkha sediments
(Heydari and Baria, 2005), however the base of the Smackover is characterized by
9

organic-rich carbonate mud which serves as the source rock for Jurassic, Cretaceous, and
Tertiary reservoirs of the Gulf of Mexico basin. Following the Smackover, the
Buckner/Haynesville Formation represents deposition of the next major highstand and is
represented by sabkha, carbonate, and siliciclastic depositional environments (Dobson
and Buffler, 1997).
2.4

Igneous Processes
The geographical and stratigraphic distribution of plutonic and volcanic rocks of

the Gulf of Mexico (Figure 2.3) shows a complex igneous history driven by rift processes
associated with the breakup of Pangea (Salvador, 1991). The focus of this study is
concerned with the Triassic and Jurassic sediments of the northern Gulf of Mexico,
therefore, only the igneous regions of Texas, Louisiana, Arkansas, Mississippi, Alabama,
and Florida were studied. Figure 2.3 shows that during active rifting, through the Upper
Jurassic, tholeiitic to alkalic basalts, rhyolites, granites, and dacites were emplaced. This
is significant to the study of lithium-rich brines because the possibility of lithium sourced
from volcanic ash exists and is time equivalent to the deposition of the Eagle Mills,
Louann, Norphlet, Smackover, and Haynesville formations.
2.5

Summary
Considering the huge potential for the development of lithium-rich deep-basinal

brines, the Smackover Formation of the Gulf of Mexico can be studied as an analog. The
northern Gulf of Mexico is characterized by peripheral grabens, growth faults, salt
fractures, diapirs and sheets, and plutonic and volcanic rocks in places. Given the
complex geologic history and sheer size of the basin, determining the origin of the
10

lithium in the Upper Jurassic sediments is a daunting task. However, a holistic approach
with respect to the sedimentology, hydrology, and stratigraphy will provide unparalleled
insight.

Figure 2.1

Structural framework of the northern Gulf of Mexico basin modified
from Pittman et al. (2004).

The northern Gulf of Mexico is characterized by a complex history of rifting, eustacy,
subsidence, sedimentation, volcanism, and salt tectonics.

11

Figure 2.2

Salt dependent stratigraphy of the northern Gulf of Mexico (modified from
Mann et al, 1992).
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Figure 2.3

Volcanic history of the Gulf of Mexico basin (Modified from
Salvador, 1991).
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DATA AND METHODS
3.1

Geochemistry Data
To determine the water type and characterize the water-rock interactions,

concentrations of ions – bromide, calcium, chloride, potassium, lithium, magnesium,
sodium, strontium, and sulfate were compiled from 139 Smackover Formation completed
wells in the U.S. Geological Survey’s National Produced Waters Geochemical Database
v2.3 (Blondes et al., 2014) and analyzed using conventional brine geochemical data
techniques such as concentration-concentration plotting. The brine data is from wells
scattered across the norther Gulf of Mexico basin (Figure 3.1). Formation waters show
exceptionally high variation in salinities and in some cases may need to be
mathematically processed to avoid misinterpretations (Engle et al., 2016). However, the
application of such mathematical techniques is beyond the scope of this study, and
confidence remains in the interpretation of the brine data (fresh water mixing trends,
dolomitization, and sodium enrichment) at the basin scale because of a solid
understanding of the rock record on the macroscopic and microscopic level. If more
detail is required (field scale resolution), it is strongly suggested that the data is processed
outlined by Egozcue et al. (2005).
Formation water was also collected from Denbury’s Pearl River 13-7 #1 well
located in Rankin County, MS, located on the northeast flank of the Jackson Dome
14

(Figure 3.2) and analyzed by ion chromatography at the Mississippi State Chemical
Laboratory (MSCL).
3.2

Production Data
Historical production data was collected from the Mississippi Oil and Gas Board

(MSOGB) to determine how water has been produced from the Smackover Formation to
estimate how much lithium has been produced (but not recovered) from 1975-2015.
Production data is reported to the state oil and gas board monthly.
3.3

X-Ray Powder Diffraction (XRD)
Well cuttings were collected from two wells (Figure 3.1) in the Mississippi

Interior salt basin from the Norphlet and Eagle Mills formations, as well as basement
rock, to characterize the lithology, depositional environment, and whole rock
composition. The cuttings intervals were selected from petrophysical logs and
petrographic techniques. The wells used in this study were Flora Johnson #1, Newton
County, MS, and Jesse Allen 17-14 #1S, Clarke County, MS.
Phase identification and bulk mineral analysis was determined with XRD at the
Institute for Imaging and Analytical Technologies (I2AT) at Mississippi State University
using the Rigaku Ultima III and SmartLab systems on the cuttings. The samples were
prepared by grinding, and were scanned from 10° to 90° 2θ, at a scan rate of 3s/0.05°
with Cu (40kV, 44mA). Quantitative mineral analysis was carried out using Match!, a
phase identification software program that uses a Rietveld refinement method. Accuracy
of this method is within ±3 weight percent (Hillier, 2000).

15

3.4

Scanning Electron Microscopy (SEM)
SEM micrographs were taken at I2AT to determine the petrologic and

mineralogic characteristics of the Smackover and Eagle Mills cuttings taken from Jesse
Allen 17-14 #1S and Flora Johnson #1 respectively. The samples were coated with 30
nm of platinum to prevent charging with a sputter coater.

Figure 3.1

Spatial distribution of geochemical, stratigraphic, and rock data used to
study the deep-basinal brines.
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Figure 3.2

Sample Location: Denbury’s Pearl River 13-7 #1 well, Rankin County,
MS.
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RESULTS
4.1

Introduction
The results of this study provide the foundational data necessary for building a

deep-basinal, lithium-rich brine deposit model, using the Upper Jurassic sediments and
formation water of the northern Gulf of Mexico as an analog. The results of the
geochemical analysis can be found on Figures 4.1, 4.2, 4.3, 4.4, and 4.5. Historical
Smackover production from Mississippi can be found on Figure 4.6. Mineralogical data
based on XRD for the Norphlet, Eagle Mills, and basement rocks can be found on figures
4.7, 4.8, 4.9, 4.10, and 4.11. Finally, SEM micrographs for the Smackover and Eagle
Mills formations can be found on Figures 4.12 and 4.13.
4.2

Lithium Concentration
Based on the results of the geochemical data collected from the Denbury well and

obtained from USGS’s Produced Water’s Database, the Upper Jurassic formation water is
highly concentrated in lithium. The lithium concentration of seawater is 0.20 mg/L – the
highest concentration of lithium in the Smackover is 1,700 mg/L. To put this into
perspective, consider the concentration ratio of the brine to seawater (Collins, 1974):
𝐿𝑖𝑏
𝐿𝑖𝑠𝑤
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(4.1)

Where: 𝐿𝑖𝑏 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑏𝑟𝑖𝑛𝑒,

𝑚𝑔
𝐿

, 𝑎𝑛𝑑 𝐿𝑖𝑠𝑤 =

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑖𝑡ℎ𝑖𝑢𝑚 𝑖𝑛 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 (𝐶𝑜𝑙𝑙𝑖𝑛𝑠, 1974).

Figure 4.1 shows that the Upper Jurassic water is concentrated in lithium more
than 8,500 times seawater. In a personal communication with the Chief Executive
Officer (CEO) of a publicly traded company on the Toronto Stock Exchange (TSX), the
cut-off for an economic accumulation of lithium brine is 200 mg/L. Considering this,
Figure 4.1 shows that approximately 68.59% of the tested wells contain less than 199
mg/L lithium. Approximately 23.38% of the data contains 200-399 mg/L lithium, 6.57%
contains 400-799 mg/L, and only 1.46 % is enriched in greater than 800 mg/L lithium.
Using a cut-off of 199 mg/L lithium and a concentration ratio of 995, figure 4.1 shows
that approximately 31.41% of the tested wells contain economic concentrations of
lithium.
4.3

Ion-Ion Crossplots
The concentration of lithium (x-axis) versus chloride (y-axis) (Figure 4.2A)

shows that lithium does not reach ore stage until the concentration of the brine reaches a
chloride concentration of approximately 200,000 mg/L. It appears that the chloride
concentration remains at 200,000 mg/L until the brine reaches a lithium concentration of
approximately 400 mg/L. After that the chloride concentration increases. With respect
to lithium above 800 mg/L, it appears that the brine is chloride depleted.
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The concentration of lithium versus sulfate (Figure 4.2B) shows that the lithium
increases with increasing sulfate, however after the concentration of the brine reaches
approximately 200 mg/L lithium, the sulfate does not increase.
With respect to magnesium (Figure 4.3A) the lithium appears to increase with
decreasing magnesium.
The lithium-calcium crossplot (Figure 4.3B) is not very straight forward. Two
diagenetic paths can be seen for the ore-grade brine. In one path it appears that the
lithium increases with increasing calcium. In the second path, it appears that the lithium
increases with decreasing calcium.
The relationship between lithium and potassium (Figure 4.4A) shows two
diagenetic paths. The brine that is not concentrated above 200 mg/L increases in
potassium however, there is virtually no lithium enrichment. The ore-grade water
appears to increase with increased potassium.
With respect to lithium and sodium (Figure 4.4B) it appears that the lithium does
not increase until the brine reaches approximately 80,000 mg/L sodium.
The lithium-bromide crossplot (Figure 4.5) the brine does not concentrate to the
ore-stage until the brine concentration reaches approximately 4,500 mg/L bromide.
4.4

Produced Water
Given the very high porosity and permeability of the Upper Jurassic reservoirs

(Kopaska-Merkel, and Schmoker, 1994), it is easy to see the potential of the Gulf of
Mexico basin lithium play. To further this position, consider the water production of the
Smackover Formation, and a hypothetical 31.41% lithium recovery, the Smackover
produced approximately 12.5 Mt of lithium from 1975 to 2015 based on historical
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production curves (Figure 4.6). However, no lithium was recovered. Based on this, the
Upper Jurassic reservoirs serve as an analog for deep-basinal lithium-rich brines which
should be the focus of future lithium studies to further the understanding of this
underexplored resource.
4.5

XRD Analysis
The whole-rock pattern of the Norphlet Formation from Jesse Allen 17-14 #1S

shows that the main peaks center around 30° two-theta (Figure 4.7), and the intensity of
the largest peak is approximately 2,500 counts per second. The samples displayed on
Figure 4.7 are from 14,300 Ft, 14,320 Ft, 14,350 Ft, 14,360 Ft, and 14,385 Ft below
ground level (B.G.L.). The whole-rock mineral composition of the samples from Jesse
Allen 17-14 #1S, determined by Rietveld refinement methods (Figure 4.8), shows that the
Norphlet facies in Jesse Allen 17-14 #1S is represented by a regressive cycle considering
that the section contains more clays and micas at the base, and more carbonates and
evaporites at the top. With respect to the carbonate composition of the Norphlet, Figure
4.9 shows that the most dolomite occurs at a depth of 14,320 Ft B.G.L.
With respect to the Eagle Mills Formation (Figure 4.9), the whole rock pattern
shows that the most intense peaks (800 counts per second) for the samples collected from
Flora Johnson #1 at 12,420 Ft, 12,430 Ft, and 12,440 Ft B.G.L, occur around 27° twotheta. Figure 4.10 shows that the whole-rock composition of the Eagle Mills contains
more orthoclase and calcite at the base of the sampled interval and more quartz at the top
of the sampled interval.
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The whole-rock pattern of the basement rock collected from Flora Johnson #1
(Figure 4.11) shows the main peak occurs at approximately 27° two-theta and has an
intensity of approximately 6,300 counts per second.
4.6

SEM Analysis
Petrographic analysis by SEM, of the Smackover Formation taken from Jesse

Allen 17-14 #1S at a depth of 14,290 Ft B.G.L (Figure 4.12) shows that the Smackover in
this interval is primarily composed limestone with intercrystalline porosity, dolomite, and
finely disseminated pyrite in places. Analysis of the Eagle Mills Formation taken from
Flora Johnson #1 at a sample depth of 12,430 Ft. B.G.L. shows that the interval is
primarily composed of silty to sandy feldspar and quartz grains that have altered by burial
diagenesis to calcite.
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Figure 4.1

Concentration ratio of the Smackover brine versus lithium concentration.

The lithium concentration of the Smackover water is plotted on the x-axis and the
concentration ratio is plotted the y-axis. Figure 4.1 shows that the Upper Jurassic water
contains approximately 8,500 times the concentration of lithium in seawater.
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Figure 4.2

Lithium-chloride crossplot (A.), and lithium-sulfate crossplot (B.). Both
the x-axis and y-axis are in milligrams per liter.
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Figure 4.3

Lithium-magnesium crossplot (A.), and lithium-calcium crossplot (B.).
Both the x-axis and the y-axis are in milligrams per liter.
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Figure 4.4

Lithium-potassium crossplot (A.), and lithium-sodium crossplot (B.). Both
the x-axis and the y-axis are in milligrams per liter.
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Figure 4.5

Lithium-bromide crossplot. Both the x-axis and the y-axis are in
milligrams per liter.
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Figure 4.6

Production data from the Mississippi Oil and Gas Board shows that the
Smackover has produced approximately 395 Gbbl (billions of barrels) of
water.
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Figure 4.7

XRD patterns for the Norphlet Formation in Jesse Allen 17-14 #1S, Clarke
County, MS.

Cuttings were analyzed with XRD taken from a sample depth of 14,300 Ft (green),
14,320 Ft (red), 14,350 Ft (orange), 14,360 Ft (cyan), and 14,385 Ft (purple).
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Figure 4.8

Bulk-rock composition of the Norphlet Formation determined by RIR
methods for Jesse Allen 17-14 #1S.
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Figure 4.9

Percentage of dolomite (pink dots), calcite (blue dots), and high Mg-Calcite
(purple dots) with depth based on XRD for Jesse Allen 17-14 #1S.
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Figure 4.10

XRD patterns for Eagle Mills samples (A.) and the whole rock composition
of the samples based on XRD data (B) for Flora Johnson #1.
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Figure 4.11

XRD pattern for the basement taken from Flora Johnson #1.
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Figure 4.12

SEM micrograph of the Smackover Formation from 14,290 Ft MD taken
from Jesse Allen 17-14 #1S. The image shows that the Smackover in this
interval is primarily composed limestone with intercrystalline porosity,
dolomite, and finely disseminated pyrite in places.
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Figure 4.13

SEM micrograph of the Eagle Mills Formation taken from 12,430 Ft MD
from Flora Johnson #1. The image shows that the interval is primarily
composed of silty to sandy feldspar and quartz grains that have altered by
burial diagenesis to calcite.
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DATA INTERPRETATION AND DISCUSSION
5.1

Introduction
Based on the results of this study and the historical data, the following

interpretations can be made:
1. The Upper Jurassic pore water is deep-crustal water that was left over
from the deposition of basinwide evaporites during the Callovian and early
Oxfordian and the source for marine water alteration of the overlying
sediments.
2. The evaporation trajectory of the Louann water followed the same path as
modern seawater.
3. The brine has been significantly altered by freshwater mixing, salt
dissolution, limestone dissolution, authigenic clay mineralization,
dolomitization, and sulfate reduction.
4. The evaporation of seawater alone, does not account for the anomalously
high concentrations of lithium.
5.2

Water Type
The origin of the lithium-rich formation water in the Upper Jurassic is thought to

be derived from groundwater left over from the deposition of basinwide evaporites in the
Callovian and early Oxfordian. However, the brine and the salt has been significantly
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altered and determining the origin of the lithium rich hydrology is complex. According
to Bojarski (1970), the Smackover brine can be classified as a chloride-calcium type of
pore water (Figure 5.1) based on:
(𝐶𝑙−𝑁𝑎)
𝑀𝑔

>1

(5.1)

Considering this, Collins (1974) associates chloride-calcium type water with
deep-crustal, stagnate hydrogeologic conditions, which is characteristic of Jurassic
sediments in the Gulf of Mexico basin and indicates an excess of chloride with respect to
sodium and magnesium.
5.3

Degree of Evaporation and the Evaporation Trajectory of Seawater
The chemical composition of residual brines characterizes the evolution of

seawater during evaporation (McCafferey et al., 1987). Considering that lithium and
bromide concentrate “conservatively” through the evaporation process (Figure 5.2.A,
5.2.B.), the degree of evaporation is essentially the ratio of the respective element and the
concentration of the element in modern seawater. This means that the concentration of
the bromide and lithium in a residual brine leftover from evaporating seawater can be
used to determine the degree of evaporation. For example, figure 4.2.C. shows that a
lithium concentration of 12 mg/L corresponds to a bromide concentration of
approximately 4,500 mg/L or 70 times seawater.
Considering this, the degree of evaporation for the Jurassic pore water with the
highest concentration of lithium (1,700 mg/L), is over 8,000 times the normal
concentration of lithium in seawater and should have a corresponding bromide content of
520,000 mg/L.
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5.3.1

Evaporation Trajectory of Seawater for Chloride, Sulfate, Magnesium,
Calcium, Sodium, and Potassium V.S. Bromide
Based on the evaporation trajectory of seawater outlined by McCaffery et al.

(1987) it appears that halite begins to precipitate from evaporating seawater when the
chloride concentration of the brine is approximately 180,000 mg/L – this corresponds to a
bromide concentration of roughly 690 mg/L (Figure 5.3.A). Additionally, the sodium
concentration of seawater when halite begins to form is approximately 105,000 mg/L
(Figure 4.3.F). Gypsum begins to precipitate from seawater when the concentration of
the sulfate reaches approximately 10,000 mg/L (Figure 5.3.B). Magnesium concentrates
“conservatively” through the evaporation process until magnesium sulfate begins to form
at a magnesium concentration of approximately 86,000 mg/L (Figure 5.3.C). Calcite is
precipitated from seawater (Figure 5.3.D) when the concentration of calcium reaches
approximately 1,600 mg/L. Sylvite begins to precipitate when the potassium
concentration of evaporating seawater reaches approximately 27,000 mg/L (Figure
5.3.E). Figure 5.3.E shows that halite begins to precipitate when the concentration of
sodium in the evaporating seawater reaches approximately 100,000 mg/L.
5.4

Diagenesis and Evaporite Sedimentation
Considering that the formation of basinwide and platform evaporite sediments is

the main geochemical driver of the formation water in the Jurassic reservoirs of the Gulf
of Mexico basin, the effects of formation-water diagenesis should not be overlooked
(Land et al., 1998). Considering this, the following assumption must be made: the
Jurassic water hydrogeochemistry must resemble modern seawater – and the evaporation
trajectory of the Jurassic water is the same as modern ocean water.
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The Jurassic reservoirs are very rich in bromide, calcium, lithium, sodium, and
strontium, and depleted in chloride, potassium, and sulfate. Based on this, the study of
the hydrogeochemistry requires that residual waters from the deposition of basinwide and
platform evaporites of the Louann, Norphlet, Smackover, and Buckner formations have
remained in the sedimentary basin, in the pore network and beneath a regional top-seal
throughout the evolution of the basin. Further, evaporite sedimentation is hypothesized
to precipitate up to or past halite saturation and water-rock interaction is dominated by
extensive sulfate reduction and dolomitization (Carpenter et al., 1974). However likely
this hypothesis is, the potential for an igneous source of lithium cannot be discounted,
and further sedimentologic and stratigraphic work is warranted.
5.4.1

Chloride Depletion
The Upper Jurassic brine is significantly depleted in chloride (Figure 5.4).

However, some of the brine appears to be enriched in chloride and may be the result of
salt dissolution during transgressive seas, sediment loading, and halokenesis. The likely
reason for chloride depletion is due to freshwater mixing and apatite cementation during
burial diagenesis of Norphlet clastics. While diagenetic apatite cements are not
uncommon in apatite-rich sandstones (Porten et al., 2016), the abundance of apatite in the
Norphlet is not known.
5.4.2

Sodium Enrichment
The Upper Jurassic water formation water is enriched with sodium compared to

the normal evaporation of seawater trend (Figure 5.5). The reason for the sodium
enrichment may be explained by the diagenesis or dissolution of basinwide marine
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evaporites and the disassociation of plagioclase feldspar. As sediment loads onto
basinwide evaporites, the salt begins to dissolve due to heat, causing the residual water to
be enriched in sodium (Land et al., 1988).
5.4.3

Calcium Enrichment
The Upper Jurassic brine has been significantly enriched in calcium with respect

to normal seawater (Figure 5.6). The most plausible explanation is the dissolution of
calcium carbonate.
5.4.4

Potassium Depletion
It appears that the brine is very depleted in potassium (Figure 5.7). This may be

due to feldspar diagenesis or sylvite precipitation.
5.4.5

Dolomitization
Based on figure 5.8, it appears that the pore water has been significantly depleted

in magnesium. The most plausible explanation for this is due to dolomitization. The
formation of dolomite in the Upper Jurassic reservoirs of the Gulf of Mexico basin can be
explained by reflux (Moore and Heydari, 1993). Reflux dolomites are subaqueous in
origin and formed on exposed carbonate platforms during regressive cycles in the
presence of sulfate reduction processes.
5.4.6

Sulfate Reduction
The brine has been significantly reduced in sulfate compared to the evaporation of

seawater trend (Figure 5.9). Sulfate can be removed from solution by: (1) sulfate
reducing bacteria, (2) the precipitation of sulfate minerals such as gypsum and anhydrite,
40

(3) fresh water mixing, and (4) microbial reduction of organic rich marine sediments
(Bradley et al., 2015).
5.5

Clay Speciation of the Eagle Mills Formation
If the source of the lithium-rich water in the Jurassic is from continental brines

(chapter one) the most probable depositional environment is represented by the Eagle
Mills Formation considering that the unit is comprised of time equivalent volcanics and
lacustrine to fluvial clastics and hectorite should exist. Having said this, rock data from
the Eagle Mills is extremely scarce: considering that it has only been penetrated on the
extreme margins of the basin or on basement topography. Unfortunately, the results of
the XRD data did not produce enough evidence to conclude that Eagle Mills contains
lithium bearing clay (Figures 5.10 - 5.15). However, the Eagle Mills does contain an
abundance of quartz (Figure 5.16). Most likely, the quartz is detrital, but the possibility
that some of it is ash, should not be ruled out.
5.6

Characterization of the “Basement” Rock of the Northern Gulf of Mexico
To determine if the lithium bearing mineral spodumene, is present in the

basement rocks of the northern Gulf of Mexico, XRD analysis was conducted on drill
cuttings that penetrated a thick section of the basement interval in Newton County, MS
(Figure 5.17-5.20). The sample analyzed was taken from a measured depth of 12,850 Ft.
5.7

Timing of Events
The lithium-rich brine has undergone numerous diagenetic events throughout the

history of the basin (Figure 5.21).
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5.8

Summary
The Upper Jurassic brines are considered chloride-calcium type brines which have

remained relatively stagnate throughout the evolution of the basin. Diagenetic evidence
for these deep-basinal conditions are revealed by extensive calcium enrichment,
magnesium depletion, sodium enrichment, and sulfate reduction. The seawater
evaporation trend outlined by McCafferey et al. (1987) was used to compare the lithiumrich brine with unaltered (non-diagenetic) water to determine what hydrogeochemical and
rock processes were responsible for altering the brine. As of now, freshwater mixing, salt
dissolution, authigenic clay mineralization, sylvite precipitation, dolomitization, and
sulfate reduction have been identified. The bulk rock composition of the Norphlet
reveals that prior to the marine transgression that was responsible for deposition of the
Smackover and overlying Buckner and Haynesville formations, reworked Norphlet
carbonates were dolomitized by the process of reflux outlined by Moore and Heydari
(1993).
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Figure 5.1

Smackover Formation water type.
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Figure 5.2

Degree of evaporation of seawater and bromide (A.) and lithium (B.).
Figure 4.2.C. shows the concentration-concentration crossplot of bromide
and lithium for evaporating seawater modified from McCafferey et al.
(1987).
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Figure 5.3

Evaporation trajectory of seawater for chloride (A.), sulfate (B.),
magnesium (C.), calcium (D.), potassium (E.), and sodium (F.) modified
from McCafferey et al. (1987).
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Figure 5.4

Chloride-bromide crossplot for the inferred evaporation trajectory of the
Jurassic seawater (orange dots) and the lithium-rich formation water
(purple dots).
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Figure 5.5

Sodium-chloride crossplot for the inferred evaporation trend (orange dots)
of the Jurassic water and the lithium-rich water (purple dots).
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Figure 5.6

Calcium-bromide crossplot of the inferred evaporation trajectory of the
Jurassic water (orange dots) and the lithium-rich pore-water (purple dots).
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Figure 5.7

Potassium-chloride crossplot of evaporation seawater (orange dots) and the
lithium-rich formation water (purple dots).
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Figure 5.8

Magnesium-bromide crossplot for evaporating seawater (orange dots) and
the lithium-rich water (purple dots).
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Figure 5.9

Sulfate-bromide crossplot of the inferred evaporation trend (orange dots)
and the lithium-rich wells (purple dots).
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Figure 5.10

Expanded view of the Eagle Mills XRD data from 10-20 degrees.
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Figure 5.11

Expanded view of the Eagle Mills XRD data from 20-30 degrees.

53

Figure 5.12

Expanded view of the Eagle Mills XRD data from 30-40 degrees.
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Figure 5.13

Expanded view of the XRD data from the Eagle Mills from 40-50 degrees.

55

Figure 5.14

Expanded view XRD data from the Eagle Mills from 50-60 degrees.
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New

Figure 5.15

Expanded view of the XRD data of the Eagle Mills from 60-90 degrees.
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Figure 5.16

XRD pattern of the Eagle Mills quartz grains.
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Figure 5.17

XRD pattern of the basement rock from 20-30 degrees.
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Figure 5.18

XRD pattern of the basement rock from 30-40 degrees.
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Figure 5.19

XRD pattern of the basement rock from 40-50 degrees.
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Figure 5.20

XRD pattern for the basement rock from 50-90 degrees.
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Figure 5.21

Approximate timing of events for the northern Gulf of Mexico basin,
showing basin fill, igneous activity, tectonic events, original formation
water, and diagenesis.
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CONCLUSION
6.1

Dolomitization and Contemporaneous Lithium Enrichment
Lithium is an energy critical element. Considering this, the delineation of

alternative sources of lithium should be a top priority for private sector and government
stakeholders.
Since the brines have been altered by salt dissolution, freshwater mixing,
dolomitization, and sulfate reduction, the likely depositional environment for the
enhancement of the lithium-rich brine is a barred lagoon exposed by a marine regression.
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